A subpopulation of astrocytes in perivenmcular brain regions and in cysteamine-treated neuroglial cultures contains cytoplasmic granules that exhibit an affinity for Gomori stains, orange-red autofluorescence, and non-enzymatic peroxidase activity. The autofluorescence and pseudoperoxidase activity are consistent with the presence of porphyrins and heme iron, respectively. In the present study, we employed diaminobenzidine cytochemistry, transmission electron microscopy, and energy-dispersive X-ray microanalysis (electron microprobe) in an attempt to correlate fine structure with the peroxidase activity and elemental composition of the cysteamine-induced inclusions in cultured astrocytes. In osmicated preparations, these membrane-bound inclusions varied greatly in size, were round ot ovoid in shape, and exhibited an intensely electron-dense granular matrix. In non-osmicated preparations, many inclusions exhibited intemal membranous partitions producing complex subcompartment-
Introduction
A variety of enzymatic and non-enzymatic peroxidase activities have been described in developing and adult mammalian neural tissues (1). However, the biogenesis and distribution of organelles containing endogenous peroxidase activity, as well as their functions within the CNS, remain incompletely understood. Microperoxisomes containing catalase activity have been identified in a variety of neural tissues by cytochemistry and electron microscopy. Microperoxisomes appear as rounded or elongated cytoplasmic bodies approximately 100-250 nm in diameter. The organelles exhibit a moderately electron-opaque matrix and lack the nucleoids that characterize hepatocyte microbodies. Neural microperoxisomes are delimited by a unit membrane which may be confluent with membranes of alization. Diaminobenzidine reaction product, indicative of endogenous peroxidase activity, was occasionally observed distributed diffusely throughout the granule matrix. More commonly, peroxidase activity was restricted to specific intraorganellar compartments. Elemental iron was detected in the inclusions by electron microprobe analysis. The p e n c e and concentration of iron in these organelles correlated closely with the presence and intensity of diaminobenzidine staining, suggesting that redox-active iron mediates the pseudoperoxidase reactions in these cells. Cysteamine-induced derangements of porphyrin-heme biosynthesis may be responsible for the proliferation of iron-containing gliosomes in these astroqtes. the smooth endoplasmic reticulum (2-4). In neonatal rat brain, alkaline DAB cytochemistry has revealed the presence of catalasepositive microperoxisomes in neurons, astrocytes, oligodendroglia, ependymal cells, and choroid plexus epithelial cells (2.5). In adult rats, however, these organelles are largely restricted to catecholaminergic neurons, neurons and satellite cells of the dorsal root ganglia, and some neuroglia (2,3,6,7).
Incubation of adult mammalian brain sections in solutions of DAB and H 2 0 2 (Karnovsky medium) has revealed the presence of intense peroxidase activity distinct from microperoxisomal catalase in a subpopulation of periventricular astrocytes. The peroxidase activity is confined to osmiophilic cytoplasmic inclusions which exhibit an affinity for the Gomori stains, aldehyde fuchsin and chromalum hematoxylin (8-10). Autofluorescence and histochemical data have suggested that heme ferrous iron mediates a nonenzymatic (or pseudo) peroxidase activity in these cells (9,ll). In rats and mice, the DAB-positive gliosomes have been shown to accumulate with aging (12) and as a consequence of exposure to ionizing radiation (8) or estrogen (lOJ3).
In fetal and neonatal brain cell cultures, the sulfhydryl agent cysteamine (CSH) induces a massive accumulation of astrocytic cy- toplasmic inclusions with histochemical properties similar to those observed in the aging periventricular brain in vivo (14J5). As in the latter, the CSH-induced astrocyte granules exhibit orange-red autofluorescence and pseudoperoxidase activity consistent with the presence of porphyrins and heme iron, respectively (14). In the present study, DAB cytochemistry, transmission electron microscopy, and electron microprobe analysis were employed to characterize the ultrastructure and elemental composition of the cysteamine-induced astrocyte granules. We describe a dynamic astrocytic organelle exhibiting complex subcompartmentalization and intense ironmediated pseudoperoxidase activity.
Materials and Methods
cultures were prepared by mechanoenzymatic dissociation of telencephalic and diencephalic tissue as previously described (15) . The cells were grown in Ham's F12 and high-glucose DMEM (1:1 vlv) supplemented with 10 mM HEPES, 5% heat-inactivated hone serum, 5% fetal calf serum, and penicillin-streptomycin (50 Ulml and 50 mglml. respectively). Cells (1.25 millionlml) were plated in 100-mm Primaria dishes and Corning flasks. The cultures were incubated at 37'C in 95% air-5% CO2 for 18 days. Culture medium was changed twice weekly. Cultures were either left untreated (control) or received 880 pM cysteamine (2-mercaptoethylamine) (Sigma; St Louis, MO) with each change of culture medium between days 6 and 18 in vitro (DIV). The latter treatment induces an accumulation of DAB-positive cytoplasmic inclusions in these brain cell cultures (14). tion was performed in sister cultures by omitting the H202 from the incubation medium. After washing with a solution consisting of 0.12 M PBS and dextrose. some ofthe cultures were post-fimd with 2% osmium tetroxide and 3% ferrous cyanide for 45 min. All cultures were washed mice with 2.4% NaCl and dehydrated in a graded methanol series. The cultures were rinsed with 100% propylene oxide followed by 1 1 (v/v) propylene oxide/epon. The latter was replaced with pure epon and the dishes were left in the oven ovcrnight to harden. Some control and cysteamine-treated cultures were incubated in Karnovsky's medium but not osmicated. The latter were used for intracellular localization ofthe DAB reaction product and for elemental analysis by means of electron microprobe. Fine structure was assessed in the osmicated and non-osmicated material by routine transmission electron microscopy. E I m n Microscopy. Patches of cells were identified on the epon blocks and GO-90-nm thick sections of tissue were cut parallel to the monolayer surface with a diamond knife. The sections were mounted on copper grids and stained with uranyl acetate and lead citrate for 5 and 2 min. respectively. and observed with a Philips 301 electron microscope.
Microprobe Analysis. Tissue sections (90-130 nm) were cut parallel to the culture monolayers as described above, stained with uranyl acetate, and m i n e d with aJEOL EM2OOOFX microscope equipped with an electron microprobe array. The electron beam was focused on astrocyte nuclei. clear cytoplasm. mitochondria, or dense granules. and an X-ray emission spectrum indicating the elemental composition of each structure was generated. The X-ray microanalysis was performed on the sections used for intracellular localization of the DAB reaction product. With this approach we were able to correlate the magnitude of the DAB reaction with the concentration of iron within each inclusion.
Results

Fine Structure
Glial cells cultured in media without cysteamine exhibited for the most part the fine structural features that typlfy astrocytes through-Figure4. Astrocytefrom cysteamine-treated culture. A massive accumulation of large osmiophilic inclusions occupies the cytoplasm of this cell. These are considerably larger and more densely packed than those seen in astrocytes from control cultures (compare with Figure 2 ). Smaller inclusions are scattered throughout. Many of the large gliosome?, exhibit concentric stacks of membrane along segments of their periphery (arrows). Original magnification x 22,000. Bar = 0.45 pm. out the CNS (Figure 1 ). All cells contained a round or ovoid euchromatic nucleus. Many free polysomes and short cistemae of rough endoplasmic reticulum were scattered throughout the cytoplasm. Most profiles displayed one to several small Golgi apparati, and occasional cells contained centrioles. The most constant and definitive feature of these cells was the presence of large bundles of intermediate filaments.
The cytoplasm of most profiles contained one to several electrondense inclusions (Figure 1 ). However, occasional profiles exhibited an array of membrane-bound, densely stained inclusion bodies that varied considerably in size and shape (Figure 2 ). Most were spheroidal or ellipsoidal, with a fine granular content. Within the interior of many such inclusions were striations or circular elements suggestive of internal compartmentalization. In some of the more faintly stained inclusions, internal compartments appeared to be delineated by a partition resembling a double membrane (Figure 3) . Internal compartmentalization was far more obvious in cells that had not been osmicated.
The dense inclusion bodies were usually clustered in a relatively restricted area of the cell. There often appeared at the center of such a cluster a network of dense cisternal and/or vesicular elements (Figure 2) . The Golgi apparati were never seen in the immediate vicinity of these networks and often occurred at sites distant from the dense inclusions. Moreover, Golgi elements were invariably electron lucent (Figure 2) .
In accord with previous observations at the light microscopic level (14), there was a marked increase in the proportion of astrocytes bearing dense inclusions in cysteamine-treated cultures as compared with controls. Moreover, the number of dense granules per cell and the size of the inclusions were considerably greater in the cysteamine-exposed cultures (Figure 4) . At the periphery of some of the larger inclusions, the delimiting membrane was arranged as tightly stacked concentric lamellae resembling myelin figures (Figure 4) . The structural relationship of cysteamine-induced inclusions to the Golgi apparatus and other cytoplasmic organelles was similar to that noted in the control cultures. 
Peroxidase Activity
Owing to the intense osmiophilia of the cysteamine-induced inclusions, the DAB reaction product could not be visualized in osmicated cells. We therefore used non-osmicated material to determine the precise intracellular localization of peroxidase activity. The morphology of the gliosomes in non-osmicated cells was similar to that observed in the osmicated material. However, the DAB reaction product could now be easily visualized as a dense granular precipitate within some but not all inclusion profiles (Figures 5  and 7) . Cysteamine-treated cultures that were incubated with DAB but not exposed to H202 served as controls (Figure 9 ). Cytoplasmic inclusions in these controls exhibited no DAB granularity, indicating that deposition of the latter results from a peroxidasecatalyzed reaction.
Peroxidase activity in cysteamine-induced granules varied considerably, from elements exhibiting no DAB reaction product to those that appeared heavily labeled (Figure 5) . In the most intensely labeled inclusions, the DAB reaction product was often localized to discrete intraorganellar compartments (Figure 5) . In other heavily labeled gliosomes without obvious internal compartmentalization. the DAB reaction product was distributed in discrete clusters throughout the inclusion (Figure 7C ).
Iron Content
The presence and amount of various elements within the dense inclusion bodies were determined by means of energy-dispersive X-ray microanalysis. The analysis was performed on the same nonosmicated sections used to detect peroxidase activity. The concentrations of the elements detected are proportional to the areas under their respective X-ray emission peaks. In many cases elements exhibit multiple peaks, some of which overlap with those of other elements and thus render positive identification impossible. For example, the emission peak for chlorine, identified in all samples (Figures 6 and 8) , is at 2.622 keV. whereas one of three peaks for molybdenum may overlap at 2.623 keV. In contrast, the emission A C B U Figure 6 . X-ray emission spectra derived from the cell depicted in Figure 5 . Emission peaks indicating the various elemental constituents are labeled. The concentration of a given element is proportional to the area under the peak(s) for that element. The large peak at the right of each histogram indicates copper, an artifact resulting from the use of copper grids. (A) This emission spectrum was generated by a region of clear cytoplasm. Note the absence of a peak for iron. (B) This spectrum was generated by a euchromatic region of nucleus. Note the absence of a peak for iron. (C) This spectrum was generated by inclusion C in Figure   5 peaks for iron exhibit no such overlap and therefore can be identified with a high level of confidence.
Iron was never detected in sample areas of nucleus, organellefree cytoplasm, or mitochondria (Figures 6A, 6B, and 8A) . The metal was present in variable concentrations in many but not all of the cysteamine-induced inclusion bodies. The highest concentrations of iron are indicated by two peaks at 6.400 and 7.059 keV. Lower concentrations of iron elicit a single peak at 6.400 keV. There was a strong correlation between the concentration of iron indicated by the emission spectrum [area under the iron peak(s)] and the .., , (Figures 7 and  8, inclusion B) . It was not possible to narrow the electron beam sufficiently to assess the iron content of specific compartments within the inclusions. DAB reaction product and elemental iron were also detected in some of the astrocytic inclusions occasionally encountered in the non-CSH-treated (control) cultures.
Discussion
A minority of astrocytes in dissociated fetal or neonatal rat brain cell cultures contain cytoplasmic inclusions with tinctorial and histochemical features akin to those that characterize a unique system of periventricular glia described in many vertebrates (16) (17) (18) including humans (19, 20) . These inclusions exhibit an affinity for Gomori stains (8,10,16), orange-red autofluorescence consistent with the presence of porphyrin (9,14), and intense peroxidase activity (10, 14, 18, 21) . DAB oxidation by Gomori-positive astrocytes in tissue sections and in culture monolayers occurs over a wide range of pH (approximately 3-11) and cannot be abrogated by tissue boiling or incubation with the catalase inhibitor aminouiazole (10,11,14) . These observations, in conjunction with the autofluorescence data, have strongly suggested that heme ferrous iron or a related metalloporphyrin mediates non-enzymatic (pseudo-) peroxidase activity in these cells (lJ0.14). In the rodent hypothalamus these gliosomes accumulate with aging (12) and in response to X-irradiation (8) and chronic estrogenization (13, 22, 23) .
In rat brain cell cultures, the sulfhydryl compound cysteamine massively accelerates a time-dependent accumulation of similar autofluorescent, DAB-positive astrocytic inclusions (14). The results of the present study reveal the fine structural details of these CSHinduced astrocytic inclusions and demonstrate an intimate association of peroxidase cytochemistry with elemental iron in these gliosomes. In the osmicated preparations, the CSH-induced inclusions exhibited ultrastructural features reminiscent of those seen in periventricular Gomori astrocytes in situ. In both cases the inclusions were variable in size and intensely osmiophilic (24-26; and the present study). In situ and in culture, the dense bodies occasionally appeared to be confluent with short cistemal or tubular elements filled with material of similar electron density (24-26; and the present study). Confluence with the Golgi apparatus, on the other hand, has not been demonstrated in tissue sections or in vitro. In the astrocyte monolayers the inclusions appear round or ovoid in shape, whereas in brain sections (particularly those derived from older animals) the smaller dense inclusions tend to be spherical, while the larger granules often exhibit highly angulated and irregular profiles (24-26). Their pleomorphic appearance in situ may represent coalescence of individual inclusions or distortions progressively imposed on them as astrocytes conform to the complex three-dimensional cytoarchitecture of the living brain. The internal detail revealed in the non-osmicated material in the present study has not been described in situ. Compartmentalization or other manifestations of a complex infrastructure were most probably masked in earlier in situ preparations by the intense osmiophilia of the inclusions.
Fine granular precipitates of oxidized DAB were localized exclusively to some but not all of the cysteamine-induced inclusions. There was considerable heterogeneity in patterns ofperoxidase labeling among the various inclusions which could not be appreciated in previous light microscopic studies (1415). In inclusion profiles without obvious internal membrane partitions, the reaction product was usually distributed in small clusters throughout the matrix, whereas in the loculated profiles the peroxidase activity was characteristically localized to specific intra-inclusion compartments. The remarkable heterogeneity in morphology and in DAB staining of the gliosomes may reflect different subpopulations, such as those with or without peroxidase activity or internal compartments. This heterogeneity may be indicative of a highly dynamic, multicomponent organellar system with various profiles representing different stages in the development and tumover of the gliosomes.
It is also conceivable that the three-dimensional complexity of these structures accounts for much of the observed variability. Internal compartments, with or without peroxidase activity, may not appear in certain profiles simply because these compartments are not in the plane of the section.
The results of the microprobe analysis are consistent with earlier histochemical data suggesting that (heme ferrous) iron is responsible for non-enzymatic peroxidase activity in the CSH-induced granules (14). The presence of elemental iron was recorded in most, but not all, dense bodies surveyed. Wagner and Pilgrim (27) were unable to detect elemental iron in periventricular astrocyte granules in situ with microprobe analysis, although the metal has been demonstrated in these cells histochemically (28.29). In the present study a correlation between the amount of deposited DAB reaction product and the concentration of iron detected by microprobe analysis was consistently observed. We have previously shown that the CSH-induced astrocyte granules exhibit little or no staining with Prussian blue (ferric ferrocyanide), indicating that iron in these cells is for the most part sequestered in the ferrous state (14). Taken together, the cytochemical and microprobe data strongly suggest that redox-active (ferrous) iron mediates pseudoperoxidase reactions in these cells. A combination of heme (or hemoprotein) and its precursor porphyrin(s) has been suggested as a likely source of the pseudoperoxidase activity and orange-red autofluorescence that characterize CSH-induced and periventricular astrocyte granules (10,14). Although heme may quench porphyrin fluorescence in solution (A. English, personal communication), the results of the present study raise the possibility that porphyrin and heme (iron) are stored in separate granules (some inclusions appear to be DABliron negative) or. more interestingly, in segregated intra-inclusion compartments.
The precise identity of the CSH-induced astrocyte inclusions remains unclear. Some peroxisomes exhibit DAB labeling and internal subcompartmentalization (30) . However, the relatively large size of the inclusions, the non-enzymatic nature of the peroxidase activity, and our inability to label the cysteamine-induced organelle with antibodies directed against catalase or the peroxisome membrane protein PMP-70 (Schipper and Walton, unpublished observations) indicate that these inclusions differ fundamentally from the microperoxisomes that have been described in various neural tissue (2,5,6). The inclusions may represent elements of the endosomellysosome pathway in various stages of maturation (31) . Cysteamine mobilizes cystine stores in renal lysosomes of patients with nephropathic cystinosis (32) and induces the lysosomal enzyme P-galactosidase in cystinotic fibroblasts (33) . It is therefore conceivable that CSH might also modify the structure and contents of lysosomes in astrocytes and other tissues. Although we could not discem significant differences in acid phosphatase staining between CSH-exposed and untreated astrocyte cultures at the light microscopic level (14), more definitive cytochemical and immunolabeling experiments are required to confirm or disprove the lysosomal origin of these gliosomes. The possibility remains. however, that CSH stimulates the proliferation of a hitherto unclassified, metalloporphyrin-rich organelle in a subpopulation of cultured astrocytes. CSH induces derangements of porphyrin-heme metabolism in rat liver (34) and could conceivably influence metalloporphyrin biosynthesis and sequestration in astrocytes (14).
